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Available online 30 July 2016Background: In normal ageing, both vascular and ventricular properties change, and how these affect left ventric-
ular function is not clear.
Methods: 96 subjects (ages 20–79) without cardiovascular disease underwent cardiac magnetic resonance (MR)
imaging for measurement of global function, diastolic function (E/A ratio), MR tagging for measurement of tor-
sion to shortening ratio (TSR, ratio of epicardial torsion to endocardial circumferential shortening, with increase
in TSR suggesting subendocardial dysfunction relative to the subepicardium), and phase contrast MR imaging
measurement of central aortic pulse wave velocity (PWV). The Vicorder device was used to measure carotid to
femoral PWV.
Results: Univariate correlations established that the 4 principal age-related changes in the left ventricular func-
tion were: 1) diastolic function: E/A ratio (r:−0.61, p b 0.00001); 2) global systolic function: cardiac output
(r:−0.49, p b 0.00001), 3) structure: end-diastolic volume index (r:−0.39, p b 0.0001), and 4) systolic strains:
TSR (r: 0.49, p b 0.0001). Multiple linear regression analysis showed that age was the dominant factor in
predicting changes in cardiac output and E/A ratio (both p b 0.01). Increased TSR was signiﬁcantly related to re-
duced cardiac output and end-diastolic volume index (p b 0.05 and p b 0.01 respectively). Measures of vascular
stiffness were not signiﬁcantly related to any of these variables, but increased effective arterial elastance
(afterload) was signiﬁcantly related to reduced E/A ratio (p b 0.05).
Conclusions: In this group of normal ageing subjects, afterload but not vascular stiffness is signiﬁcantly related to
diastolic dysfunction. Increased TSR, suggesting relative subendocardial dysfunction, has a signiﬁcant role in re-
ductions of cardiac output and end-diastolic volume index.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Mechanics1. Introduction
To understand how ageing with cardiovascular risk factors can lead
to heart failure in the elderly, it is ﬁrstly important to understand how
normal ageing affects left ventricular function. Vascular stiffening in-
creases from the 3rd decade or earlier in normal subjects [1]. This is
thought to affect the heart by enhanced arterial wave reﬂections creat-
ing a greater afterload on the heart [2]. To date, studies showing rela-
tionships of vascular ageing to changes in left ventricular systolic andHospital, Newcastle upon Tyne
cGowan).
eliability and freedom from bias
land Ltd. This is an open access articldiastolic function have concentrated on community-based subjects, in
whom there are signiﬁcant proportions of conditions such as hyperten-
sion and diabetes mellitus that will increase vascular stiffness [3–5]. In
normal ageing without cardiovascular disease, the relationships be-
tween vascular stiffness may not be as pronounced. A major purpose
of this study was therefore to comprehensively study the relationship
of normal age-related changes in vascular stiffness and afterload with
changes in left ventricular function.
Magnetic resonance imaging can accurately assess changes in left
ventricular blood pool volumes with age [6]. Vascular function was
assessed by several parameters, each of which has distinguishing fea-
tures. Pulsewave velocity (PWV)was assessedwith the Vicorder device
which measures pulse wave velocity from carotid to femoral arteries
[7–9]. PWV was also measured with phase contrast MRI (PC MRI),
which measures velocity in the descending thoracic aorta (Central MR
PWV). Velocities will be lower in the central vessels, so these measurese under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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systolic wave reﬂection that poses an afterload on the left ventricle. Ar-
terial elastance is a measure of afterload that is based on the pressure-
volume framework and represents the ratio of end-systolic pressure to
stroke volume [12]. Potentially the measures of vascular stiffness and
afterload differ in that afterload represents the whole of the ejection
timewhereas vascular stiffness represents a distinct time in late systole
when wave reﬂections might affect left ventricular function [13].
Torsion, and the ratio of torsion to endocardial circumferential short-
ening (TSR) are also known to increasewith normal ageing [14]. TSR is a
measure of the subepicardial inﬂuence over the subendocardium, with
relative dysfunction in the subendocardium increasing TSR (Fig. 1),
though its relevance to changes in left ventricular function are not
clear. We determined the relationship of measures of vascular stiffness,
afterload and torsion to age-related changes in global systolic and dia-
stolic function.2. Methods
2.1. Subjects
Ninety-six subjects (41 males, 55 females) aged between 20 and 79 years were re-
cruited into six discrete age bands, with 16 subjects in each decade 20–29, 30–39, 40–
49, 50–59, 60–69 and 70–79 years. The subjects were screened with a 12-lead electrocar-
diogram, fasting lipid proﬁle, and blood pressure measurements. Subjects with hyperten-
sion (systolic blood pressure N 150 mmHg and/or diastolic blood pressure N 90 mm Hg),
were excluded from the study, as well as any other cardiovascular diagnosis, diabetes
mellitus or dialysis-dependent renal failure, or any treatment with antihypertensive ther-
apy. Therewere 9 patients that were deemed not suitable for the study after attending for
a screening visit. These were 2 patients aged 40–49, 1 50–59, 4 60–69 and 2 70–79. The
reasons for failing the screening visit: were 7 had BP N 150 systolic or 90 diastolic, 1 patient
was on a thiazide diuretic, and 1 patient hadmusculoskeletal problemsmaking MR imag-
ing problematic. Informed written consent was obtained for all patients, and this study
was approved by aUKNational Health Service Research Ethics Committee (NRES Commit-
tee North East — Newcastle & North Tyneside 1, reference number 12/NE/0057, and
ClinicalTrials.Gov identiﬁer NCT01504828). All subjects had measurements of pulse
wave velocity by the Vicorder device and the MRI on the same day within 2 h.Fig. 1. Illustration of epicardial torsion and endocardial circumferential shortening used in
the calculation of the torsion to shortening ratio (TSR) and the relationship to
subepicardial and subendocardial ﬁbre orientations. Epicardium is black and
endocardium grey. A. Obliquely oriented subepicardial ﬁbres produce rotation of the
apex with respect to the base (B.) in a counterclockwise direction when looking from
the apex to base, which is quantiﬁed in terms of the circumferential-longitudinal shear
angle (C.). Epicardial torsion acts on the subendocardium with its greater mechanical
advantage due to its larger radius, forcing subendocardial ﬁbre bundles to shorten in a
direction at almost 90o away from the subendocardial ﬁbre direction (D.). This
subepicardial to subendocardial interaction is quantiﬁed as the torsion to shortening
ratio (TSR), and an increase in the TSR suggests subendocardial dysfunction relative to
the subepicardium.2.2. Vicorder based measurements of vascular stiffness
The Vicorder device (Skidmore Medical, UK) is an inﬂatable cuff-based device that si-
multaneously measures the upstroke of carotid and femoral pulsations to calculate pulse
wave velocity, and has been evaluated extensively by comparing with invasive measure-
ments and other tonometric devices [7–9]. The Vicorder measurements were performed
by trained research nurses. Patients laid on an examination couch, with the head raised
to approximately 30°, so that the skin and muscles over the carotid were relaxed. PWV
was measured by a cuff placed over the right carotid and the right thigh. The length be-
tween the carotid and femoral arteries was done by measuring the length between the
suprasternal notch and the mid-point of the thigh cuff. Other measurements with the
Vicorder device were done with a cuff placed on the right upper arm. These included os-
cillatory blood pressure measurement and using a global transfer function central aortic
pressures and AI [15].
2.3. Central MR PWV
A Philips Achieva 3T scanner and a 6 channel receiver array coil were employed to ac-
quire cardiac MRI data as previously described, and validated against the Vicorder mea-
sures of PWV [16]. Brieﬂy, phase contrast (PC) MRI ﬂow data were acquired at two slice
locations in descending aorta approximately 10 cm apart, using high temporal resolution
sequence (repetition time (TR) = 5 ms; echo time (TE) = 2.9 ms; ﬂip angle (FA) = 10°;
number of excitations (NEX) = 1; slice thickness = 8 mm, parallel imaging sensitivity
encoding (SENSE) factor 2, ﬁeld of view (FOV) = 300 mm × 225 mm, reconstructed
voxel size= 1.17mm2, velocity encoding (Venc)= 150 cm/s, 44 phases, breath hold dura-
tion ~19 s) [17]. The Q-ﬂow analysis package (Philips, ViewForum version 3) was
employed for region of interest analysis, to extract time-velocity curves from the PC MRI
acquisitions and to estimate precise distance (ΔX) between the two slice locations. The
time-velocity curves were then employed to compute transit time (ΔT) using an in-
house Matlab based program and determine pulse wave velocity PWV= ΔX/ΔT [17]. Ad-
ditional scout images were acquired to facilitate positioning of the PCMR acquisitions and
to ensure that the slices were positioned perpendicular to aorta at both locations.
2.4. Cardiac cine imaging
Details of cardiac cine imaging have been previously reported in detail [18]. Brieﬂy,
these include short-axis balanced steady-state free precession images which were ac-
quired covering the left ventricle (FOV=350mm, TR/TE=3.7/1.9ms, acceleration factor
17, FA 40°, slice thickness 8 mm, 0 mm gap, 14 slices, 25 phases, resolution 1.37 mm).
Image analysiswas performed using the cardiac analysis package of theViewForumwork-
station (Philips) to obtain measures of systolic and diastolic function as previously de-
tailed. The following hemodynamic parameters were derived: effective arterial elastance
(Ea = end-systolic pressure (systolic blood pressure × 0.9) / stroke volume normalised
to body surface area), end-systolic elastance (Ees = end-systolic pressure / end-systolic
volume normalised to body surface area), and ventricular-arterial coupling by the ratio
of Ees/Ea. Assessment of diastolic function from cine imageswas performed by calculating
the ratio of peak early and late left ventricular ﬁlling rates (E/A ratio), and the early ﬁlling
percentagewas calculated as the volume increase from end-systole to themidpoint divid-
edby the stroke volumeandmultiplied by 100. Theeccentricity ratio (left ventricularmass
in g over the end-diastolic volume in ml) was calculated as a measure of concentric re-
modelling. Longitudinal shortening was determined in the four-chamber view by deter-
mining the perpendicular distance from the plane of the mitral valve to the apex in
systole anddiastole. Themyocardial wall thickness at systole anddiastolewas determined
at the same level as the cardiac tagging, and radial thickening was calculated.
2.5. Cardiac tagging and regional strains
Tagged short axis images were obtained at the same session. A turbo-ﬁeld echo se-
quence with acceleration factor 9 was employed (TR/TE/FA/NEX = 4.9/3.1/10/1, parallel
imaging SENSE factor 2, FOV 350 × 350 mm, voxel size 1.37 × 1.37 mm, tag spacing of
7 mm) [18]. The Cardiac Image Modelling package (University of Auckland) was used to
analyse the tagging data by aligning a mesh on the tags between the endo- and epicardial
contours, and is described in detail elsewhere [14,18]. The epicardial torsion between the
two planes (taken as the circumferential-longitudinal shear angle deﬁned on the epicardi-
al surface) was calculated [19]. Circumferential strain was measured for both the whole
myocardial wall and the endocardial third of the wall thickness. The ratio of the peak tor-
sion (in radians) [20], and the peak circumferential strain in the endocardial third of the
myocardium (subendocardium, %) was derived and is referred to as the torsion to short-
ening ratio, TSR (Fig. 1) [18,20,21]. The recoil of torsion in early diastole is ameasure of ac-
tive relaxation [22] was expressed as the torsion recoil rate (which is normalised for peak
torsion, %/ms).
2.6. Data and statistical analysis
The strategy was to determine how measures of vascular function and afterload (MR
and Vicorder PWV, AI, and effective arterial elastance) changed with age, and identify
which parameters of systolic, diastolic function and strains were most strongly related
to age by the Pearson correlation method. We then used the Bonferroni correction proce-
dure for multiple comparisons when comparing measures of vascular stiffness with left
ventricular function. Those variables that were signiﬁcantly related with this univariate
308 J.D. Parikh et al. / International Journal of Cardiology 223 (2016) 306–312analysis were then used in the multiple linear regression analysis to determine indepen-
dent predictors of the measures of age-related measures of left ventricular function,
while additionally accounting for the effects of gender. Comparisons of means between
groups were tested using ANOVA. Where appropriate, data were normalised to body sur-
face area. Statistical testing was performed usingMatlab, Mathworks, Cambridge, UK, and
SPSS version 22. Statistical signiﬁcance level was taken to be p b 0.05.
3. Results
Key subject characteristics are reported in Table 1.
3.1. PWV and measures of afterload increase with age
PWV increased signiﬁcantly with age with both techniques (r: 0.55
MRI, and r: 0.50 Vicorder, both p b 0.00001), as shown in Fig. 2 and
Table 2. Likewise AI increased with age (Fig. 2 and Table 2, r: 0.61,
p b 0.00001). Effective arterial elastance (r: 0.43, p b 0.001, Fig. 2 and
Table 2) signiﬁcantly increased with age, though ventricular–arterial
coupling (r:−0.09, p N 0.05) was unchanged with age.
3.2. Left ventricular structure and global systolic function: cardiac output
reduces with age
Cardiac output (r:−0.49, p b 0.00001, Fig. 3 and Table 2), cardiac
index (r: −0.46, p b 0.0001), end-diastolic volume index (r: −0.39,
p b 0.0001, Fig. 3 and Table 2) and stroke volume index (r: −0.40,
p b 0.0001) all declined with age, while there was no signiﬁcant change
in the ejection fraction (r: 0.11, p N 0.05). Left ventricular mass (r:
−0.20, p b 0.00001) decreased with age, while left ventricular mass /
end-diastolic volume (r: 0.22, p b 0.05) and eccentricity ratio (r: 0.27,
p b 0.01) increased respectively. These results demonstrate increased
concentric remodelling in ageing hearts.
3.3. Systolic torsion and regional strains: increased torsion-related mea-
sures with age
Torsion increased with age, with both peak torsion (r: 0.46,
p b 0.00001) and TSR (r: 0.49, p b 0.0001, Fig. 3 and Table 2) increasing.
Peak endocardial circumferential strain used in the calculation of TSR
did not change. Radial thickening increased (r: 0.22, p b 0.05),while lon-
gitudinal shortening remained unchanged. Thirteen subjects were ex-
cluded from data analysis due to insufﬁcient tag image quality, these
include 2 from age group 20–29, 4 from age group 30–39, 3 from age
group 40–49, 1 from age group 50–59, 2 from age group 60–69, and 1
from age group 70–79.Table 1
Key subject characteristics and parameters.
Age group 20–29 30–39
Age (years)⁎ 26.9 ± 2.3 33.9 ± 2.8
Female/male (N) 11/5 9/7
Weight (kgs) 76.1 ± 16.5 75.1 ± 12
Height (cms) 170.8 ± 8.4 172.2 ± 9.6
BMI (kg/m2) 26.1 ± 5.8 25.3 ± 2.9
Body surface area (m2) 1.8 ± 0.2 1.8 ± 0.2
Heart rate (beats/min) 59.4 ± 7.7 59.6 ± 8
Cholesterol (mmol/l)⁎ 4.6 ± 0.9 4.5 ± 0.8
Triglycerides (mmol/l) 0.93 ± 0.45 0.95 ± 0.61
HDL (mmol/l) 1.5 ± 0.4 1.7 ± 0.3
LDL (mmol/l)⁎ 2.6 ± 0.8 2.4 ± 0.7
Systolic pressure (mm Hg)⁎ 120.4 ± 10.5 127.4 ± 10.2
Diastolic pressure(mm Hg) 64.9 ± 6.9 71.3 ± 8
Pulse pressure (mm Hg)⁎ 55.4 ± 5.9 55 ± 5.3
Mean arterial pressure (mm Hg)⁎ 87.1 ± 8.2 93.5 ± 7.7
Aortic systolic pressure (mm Hg)⁎ 113.7 ± 9.3 120.2 ± 8.5
Aortic pulse pressure (mm Hg)⁎ 49.4 ± 4.7 49.9 ± 6.5
BMI: body mass index, HDL: high density lipoprotein, LDL: low density lipoprotein.
⁎ ANOVA signiﬁcance p b 0.05.3.4. Diastolic function is impaired with age
Diastolic function was impaired with increasing age, the peak early
ﬁlling rate decreased with age (r:−0.61, p b 0.00001), while late ﬁlling
rate increased (r: 0.38, p b 0.0001), there was marked decrease in the
early ﬁlling percentage (r:−0.57, p b 0.00001) and early to late ventric-
ular ﬁlling ratio (E/A ratio) (r:−0.61, p b 0.00001, Fig. 3 and Table 2)
with age. Torsion recoil rate (r:−0.26, p b 0.05) also declined with age.3.5. Multiple comparisons: increased afterload predicts impaired diastolic
function, and increased TSR predicts reduced cardiac output and end-
diastolic volume index
The 3 most signiﬁcant parameters of the left ventricular function re-
lated to ageingwhichwere cardiac output, diastolic function (E/A ratio)
and systolic strains (TSR), and onemeasure of the left ventricular struc-
ture (end-diastolic volume index) (Fig. 3) were compared to the mea-
sures of vascular function and afterload (AI, PWV measured by both
Vicorder andMR and arterial elastance, Fig. 2) using the Bonferroni cor-
rection for multiple comparisons (Table 2). Effective arterial elastance
andAIwere signiﬁcantly related to the cardiac output, end-diastolic vol-
ume index and E/A. CentralMR PWVwas signiﬁcantly related to only E/
A. Vicorder PWV velocity was not signiﬁcantly related to any of these 4
parameters.
Based on the outcomes of the analysis in Table 2, we then used those
signiﬁcantly related variables to determine independent predictors
with multiple linear regression (Tables 3 and 4). We avoided putting
closely related variables in the samemodel, which were cardiac output,
end-diastolic volume index and arterial elastance, all of which are in-
trinsically related to stroke volume. These analyses showed that age
alone was the strongest predictor of changes in cardiac output and E/A
ratio, though end-diastolic volume index and TSR were not indepen-
dently related to age. Females had a signiﬁcantly greater reduction in
cardiac output (Table 3A). Increased TSR was signiﬁcantly related to re-
duced cardiac output and end-diastolic volume index (Table 3A–C).
Lower values of end-diastolic volume index were signiﬁcantly related
to greater impairment of diastolic function (Table 3C). AI was not signif-
icantly related to any of the 4 parameters. As Central MR PWV was sig-
niﬁcantly related to E/A ratio with the univariate analysis, the multiple
linear regression analysis for E/A as dependent variable was repeated
with CentralMR PWV replacing AI, though this was also not signiﬁcant-
ly independently related to the E/A ratio (Table 4B). E/A ratio was how-
ever signiﬁcantly independently related to effective arterial elastance
(Table 4C).40–49 50–59 60–69 70–79
44.8 ± 3.2 54.9 ± 3 63.1 ± 2.6 74.3 ± 2.2
9/7 10/6 7/9 9/7
78.8 ± 9.2 76.3 ± 15.6 74.4 ± 18.7 68.5 ± 13.6
174.6 ± 11.8 172.4 ± 9 170.4 ± 10.4 164.4 ± 10.1
26 ± 3.4 25.6 ± 4 25.3 ± 4.4 25.2 ± 2.6
1.8 ± 0.2 1.8 ± 0.2 1.8 ± 0.2 1.7 ± 0.2
58.8 ± 7.7 60.2 ± 10.2 56.4 ± 9.7 61.4 ± 11.5
4.7 ± 0.9 4.8 ± 0.7 4.8 ± 0.6 5.3 ± 1.1
0.9 ± 0.34 0.86 ± 0.64 1.02 ± 0.47 1.07 ± 0.38
1.5 ± 0.4 1.8 ± 0.6 1.6 ± 0.5 1.6 ± 0.4
2.8 ± 0.7 2.7 ± 0.7 2.8 ± 0.5 3.2 ± 0.9
124.0 ± 9.0 124.4 ± 7.4 127.1 ± 14.8 136.7 ± 10.8
68.1 ± 6.8 69.1 ± 9.2 68.3 ± 7.6 71.8 ± 7.8
55.9 ± 5 55.3 ± 7.4 58.8 ± 10.3 64.9 ± 7.5
91.9 ± 8.5 93 ± 8.1 93.1 ± 10.4 99.3 ± 10.2
121.1 ± 8.6 122 ± 7.9 124.7 ± 14.3 134.7 ± 11.1
53.1 ± 4.7 52.9 ± 7.7 56.4 ± 9.9 62.9 ± 7.9
Fig. 2.Vascular function and afterload in healthy ageing. Scatter plots describing arterial functionwith age, alongwith Pearson's correlation (r) and signiﬁcance level (p). Arterial elastance,
augmentation index, Vicorder PWV and Central MR PWV all increase with age.
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We have demonstrated that in a group of normal subjects without
cardiovascular diagnoses of a wide range of ages using state of the art
MR imaging that a) with normal ageing there is development of abnor-
malities of left ventricular function characterised by abnormal diastolic
function and reduced cardiac output, b) these parameters of normal
ageing are not signiﬁcantly related to 3 measures of vascular stiffness,
though diastolic function is related to afterload and also reduced end-
diastolic volume index, c) females have greater reduction in cardiac out-
put with ageing, and d) reductions in cardiac output and end-diastolic
volume index are signiﬁcantly related to increased TSR.
4.1. Afterload and the heart
In animal experiments it is well recognized that afterload affects re-
laxation of left ventricular myocardium, with higher afterload resulting
in impaired relaxation [23]. Furthermore, studies in intact dogs haveTable 2
Pearson's correlation coefﬁcient (top half of table) and signiﬁcance level (lower half of table). A
isons between vascular and ventricular parameters the Bonferroni correction was used (p ≤ 0.0
Pearson correlation coefﬁcient between different parameters
r Age CO EDVi TSR E/A
Age
CO -0.49
EDVi -0.39 0.63
TSR 0.49 -0.44 -0.48
E/A -0.61 0.33 0.48 -0.43
Arterial elastance 0.43 -0.60 -0.87 0.42 -0.48
AI 0.61 -0.37 -0.26 0.26 -0.36
PWV-Vicorder 0.50 -0.22 -0.25 0.15 -0.22
Central MR PWV 0.55 -0.36 -0.18 0.26 -0.42
Adjusted signiﬁcant level: p ≤ 0.0018 (28 comparisons) to account
Age
CO b0.00001
EDVi b0.0001 b0.00001
TSR b0.00010 b0.00100 b0.00001
E/A b0.00001 b0.05000 b0.00001 b0.01000
Arterial elastance b0.00100 b0.00001 b0.00001 b0.01000 b0.00
AI b0.00001 b0.00100 b0.00001 b0.01000 b0.00
PWV-Vicorder b0.00001 0.47589 b0.05 1 0.532
Central MR PWV b0.00001 b0.01000 b0.01 0.36754 b0.00
CO: cardiac output, EDVi: end diastolic volume index, E/A: early to late ﬁlling ratio, TSR: torsi
resonance.shown that the timing of the afterload signiﬁcantly inﬂuences the mag-
nitude of effects on left ventricular relaxation, with later loading during
late ejection having greater effects on relaxation [24].Whereas these are
acute studies and the human counterpart of these studies relate to years
of altered loading, they nevertheless seem to be clinically relevant. Arte-
rial wave reﬂections due to increased vascular stiffnesswhichwould in-
crease afterload on the heart in late ejection predict cardiovascular
events in a large population of community based subjects [25]. The cur-
rent study indicates that in normal ageing increased afterload is signiﬁ-
cantly associated with impaired diastolic function, though there is no
signiﬁcant relationship between 3 measures of vascular stiffening and
any of the age-related measures of left ventricular function. Other stud-
ies have demonstrated signiﬁcant relationships between measures of
vascular stiffness and left ventricular function. One potential reason
for this apparent discrepancy is that previous studies have not speciﬁ-
cally studied normal subjects [3–5], and so have included a signiﬁcant
proportion of patients with hypertension and diabetes in whom vascu-
lar stiffness would be expected to be increased, thus increasing thege relationships in the ﬁrst column are uncorrected p values, and for the multiple compar-
018 for 28 comparisons with signiﬁcant comparisons highlighted in bold).
Arterial Elastance AI PWV-Vicorder Central MR PWV
0.19
0.35 0.39
0.25 0.43 0.23
for Bonferroni corrections
010
100 0.05874
37 b0.01000 b0.00100
100 0.25182 b0.00010 0.48866
on to shortening ratio, AI: augmentation index, PWV: pulse wave velocity, MR: magnetic
Fig. 3. Left ventricular function inhealthy ageing. Scatter plots alongwith Pearson's correlation (r) and signiﬁcance level (p) demonstrating impaired in left ventricular function in age,with
declining cardiac output, end diastolic volume index (EDVi), early to late ﬁlling ratio (E/A ratio), and increasing torsion to shortening ratio (TSR).
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the only reason. Canepa et al. [26] have shown that in a large studywith
both normotensive and hypertensive subjects arterial elastancewas sig-
niﬁcantly related to the E/A ratio (measured with echocardiography)
only in normotensives and not in hypertensives. Thus, whereas we
have comprehensively examined vascular stiffness with 3 different
techniques, we cannot exclude a signiﬁcant relationship with vascular
stiffness and diastolic function in normal ageing in a larger study popu-
lation. The E/A ratiomeasuredwith echocardiographymeasures the ve-
locity through the mitral valve, whereas MRI measures the ﬁlling ratesTable 3
Multiple linear regression analysis with dependent variables cardiac output (A), end-dia-
stolic volume index (B), and TSR (C). Signiﬁcant values highlighted in bold.
A. Dependent variable:
Cardiac output
Beta t P =
(Constant) 11.836 0.000
Gender −0.201 −2.116 0.038
Age −0.388 −2.682 0.009
E/A ratio −0.022 −.190 0.850
AI −0.044 −.365 0.716
TSR −0.242 −2.334 0.022
R2 = 0.297
B. Dependent variable:
End diastolic vol. index
Beta t P=
(Constant) 9.326 0.000
Gender −0.085 −0.921 0.360
Age −0.142 −1.007 0.317
E/A ratio 0.294 2.574 0.012
AI 0.035 0.300 0.765
TSR −0.330 −3.255 0.002
R2 = 0.329
C. Dependent variable:
TSR
Beta t P=
(Constant) 4.111 0.000
Gender 0.077 0.753 0.454
Age 0.234 1.485 0.142
AI −0.069 −0.551 0.583
Cardiac output −0.269 −2.334 0.022
E/A ratio −0.168 −1.379 0.172
R2 = 0.218
E/A ratio: ratio of early to late left ventricularﬁlling, AI: augmentation index, TSR torsion to
shortening ratio,of the left ventricle, which are not necessarily the same measurement.
The position of the Doppler measurement of E/A ratio has a signiﬁcant
impact on the E/A ratio, with relatively higher values of the peak E ve-
locity as measurements are moved towards the left ventricle from the
left atrium [27]. Consistent with that, a direct comparison of E/A ratios
between MRI and echocardiography shows higher values for the E/A
ratio with MRI [28]. We do not know if measuring diastolic function
with other techniques would have found a signiﬁcant relationship be-
tween vascular stiffness and left ventricular function.Table 4
Multiple linear regression analysiswith E/A ratio as dependent variable. In (A) AI is includ-
ed in model, in (B) central MR PWV, and in (C) effective arterial elastance. Signiﬁcant
values highlighted in bold.
A. Dependent variable:
E/A ratio
Beta t P =
(Constant) 4.863 0.000
Gender −0.037 −0.395 0.694
Age −0.572 −4.351 0.000
AI 0.026 0.225 0.823
TSR −0.142 −1.379 0.172
Cardiac output −0.021 −0.190 0.850
R2 = 0.340
B. Dependent variable:
E/A ratio
Beta t P =
(Constant) 4.187 0.000
Gender −0.060 −0.576 0.566
Age −0.499 −3.544 0.001
Cardiac output −0.006 −0.052 0.958
Central PWV −0.070 −0.567 0.573
TSR −0.144 −1.266 0.210
R2 = 0.301
C. Dependent variable:
E/A ratio
Beta t P =
(Constant) 11.203 0.000
Gender −0.030 −.0334 0.740
Age −0.458 −3.538 0.001
TSR −0.071 −0.704 0.483
Ea −0.234 −2.281 0.025
AI −0.020 −0.172 0.863
R2 = 0.380
AI: augmentation index, TSR: torsion to shortening ratio, PWV: pulsewave velocity, Ea: ef-
fective arterial elastance.
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creased TSR
Torsion is the result of obliquely orientated subepicardial ﬁbres
exerting a mechanical advantage over the inner layers by virtue of
their greater radius (Fig. 1). Subendocardial ﬁbres, which are oriented
obliquely in the opposite direction, oppose subepicardial ﬁbre direction
shortening and so reduce epicardial torsion to some extent [29].Where-
as maximal shortening in the human subepicardium is in the direction
of the obliquely oriented subepicardial ﬁbres (ﬁbre direction shorten-
ing), in the subendocardium it is very close to thedirection of circumfer-
ential shortening, as a consequence of the outer layers causing
shortening in the inner layers in directions at almost 90o to the ﬁbre di-
rection (cross ﬁbre shortening) [29]. Thus, the ratio of epicardial torsion
to endocardial circumferential shortening is a measure of the
subepicardial inﬂuence over the subendocardium, with relative dys-
function in the subendocardium increasing TSR.
Increases in torsion and TSR are a signiﬁcant abnormality of left ven-
tricular ageing detected in this study. TSR is signiﬁcantly related to both
reduced cardiac output and end-diastolic volume index, though is not
related tomeasures of vascular stiffening or afterload. This last point ap-
pears to agree with previous studies looking at load sensitivity of tor-
sion. Studies in human transplant recipients who had radio opaque
markers implanted at the time of transplant to quantify strains radiolog-
ically show that torsion is quite insensitive to increased afterload [30],
and studies in isolated canine hearts have shown that torsion is less
afterload dependent than other strains [31]. Lumens and colleagues
[32] have also seen increases in torsion and TSR with normal ageing.
They suggested that this increase in TSRmay be due to subclinical endo-
cardial ischaemia or ﬁbrosis. It seems unlikely that in our cohort of nor-
mal subjects without cardiovascular disease should have
subendocardial ischaemia from the 4th and 5th decades onwards,
which is when torsion and TSR increase. Furthermore,whereasmyocar-
dial ﬁbrosis does develop in older subjects, the rate at which it develops
is slow (1% per 10 years in males) so again this seems unlikely in our
subjects with less than 50 years of age [33]. However, Campbell et al.
[34] have provided an innovative explanation for age-related increases
in torsion. They have shown in ageing rats that there is prolongation
of the decay time of the calcium transients, and that this is greatest in
the epicardium. Furthermore, this was associated with a reduction in
troponin I phosphorylation in the aged epicardial myocytes. Thus,
changes directly within the left ventricle seem responsible for the in-
creased torsion seen with increasing age, and our data show that this
contributes to reduced cardiac output and end-diastolic volume index.
Several studies recently have highlighted the signiﬁcance of reduced
end-diastolic volume in older age. Cheng and colleagues [35] have
shown that end-diastolic volume reduces by−0.8 ml per year, and as-
sociated with this is a reduction in stroke volume. Fujimoto et al. [36]
have shown reduction in end-diastolic volume in normal subjects over
65 years, similar to our ﬁndings. Wohlfahrt et al. [37] have shown that
in a longitudinal study over 4 years that increases in resistive and pulsa-
tile afterload were related to reductions in end-diastolic volume over
the follow-up period, demonstrating a link between left ventricular vol-
ume loss and afterload, which in turn mediates left ventricular stiffen-
ing. The current study also adds to these ﬁndings by demonstrating a
signiﬁcant relationship of reduced volumewith impaired diastolic func-
tion. It would be, important to perform the current study on a longitudi-
nal basis to examine further the relationship between age-related left
ventricular volume loss, torsion and afterload.
4.3. Limitations
This is a cross-sectional study, and longitudinal studies will be more
powerful at detecting mechanisms of age-related left ventricular dys-
function.We cannot rule out that in a larger study population that mea-
sures of vascular stiffness would be signiﬁcantly related to leftventricular function, even though we have comprehensively examined
the role of vascular stiffness with 3 different methods. Likewise we can-
not rule out whether another imaging method of measuring diastolic
function would have produced a signiﬁcant relationship. Those limita-
tionsmust be balanced against our ability to comprehensively and accu-
rately assessmultiple aspects of the left ventricular systolic and diastolic
function, left ventricular structure and vascular stiffness, which are not
possible with other imaging techniques. None of the subjects in this
study had a diagnosis of hypertension, and indeed there is a relatively
small age-related increase in systolic blood pressure in this study. Re-
cently and after the completion of this study, it has been suggested
that the thresholds to diagnose hypertension should be lowered [38],
so that in the future some of this study's subjects would be considered
to have a diagnosis of hypertension. Furthermore, we have not evaluat-
ed our study subjects for diagnoses such as masked hypertension, or
nocturnal hypertension.
4.4. Conclusions
Ageing in this cohort of normal subjects without cardiovascular di-
agnoses is characterised by 2 principal effects on the left ventricular
function — impaired diastolic function and reduced cardiac output. Im-
paireddiastolic function is not related tomeasures of vascular stiffening,
but is related to increased afterload and also reduced end-diastolic vol-
ume. Increased TSR, suggesting relative subendocardial dysfunction, is
signiﬁcantly related to reduced cardiac output and reductions in end-
diastolic volume. These data provide important information about nor-
mal ageing, and will help determine how ageing contributes to heart
failure in later life.
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